Introduction
The self-assembly of small functional molecules into supramolecular structures comprises a powerful approach towards the development of new materials and devices of nanoscale dimensions. 1, 2 The control of these organizational processes by chemical or physical processes is a major challenge. A promising approach towards such responsive or smart materials is the integration of an addressable function, e.g. photochromic moieties, 3, 4 into the supramolecular building blocks, which would offer the possibility to alter the selfassembly process of the individual molecules or change the properties of the supramolecular arrays by means of light. A number of photoresponsive host-guest systems and receptors, 5 a model system for self-assembling biomaterials such as DNA or proteins, 6 photoresponsive polypeptides 7, 8 and double-and triple-helix formation by oligonucleotides 9 have been reported but studies of self-assembling photoswitchable systems, in which the macroscopic properties are affected by light, are limited to switchable organogels, 10 and self-assembling peptide tubes (Scheme 6.1). 11 Scheme 6.1 Photoswitchable hydrogen bonding in self-organized cylindrical peptide systems. 11 Ghadiri and coworkers examined a covalent dimeric system in which two cyclic peptides are connected through an azobenzene spacer (Scheme 6.1). The peptides were further modified by N-methylation of alternate amides, restricting the hydrogen bonding capacity to one face of each flat ring. Modeling indicated that only the Z conformation of the azobenzene Part of this chapter has been published in: Lucas, would permit intramolecular hydrogen bonding between two linked peptides to form a cylindrical dimer, whereas the E conformation would prevent close intramolecular interactions, which would result in the formation of oligomers. In practice this turned out to be the case. Intramolecular hydrogen bonding enhanced the stability of the Z form, resulting in a rare quantitative photochemically induced E to Z transition. Furthermore, kinetic experiments revealed that the thermal isomerization in the dark from Z to E was 7.5 times slower in the peptide system than in case of 4,4'-dimethylazobenzene. Switchable organogels developed by Shinkai et al. 10 will be discussed in Chapter 7.
In this chapter a new self-assembling system is described based on diarylethene photochromic switches, 3 which form extended aggregates in solution the viscosity of which can be changed by light. All examples discussed above make use of azobenzene-derivatives as the photochromic system. The major drawback of this system is the thermal reversibility of the Z to E isomerization. Therefore in this project a dithienylcyclopentene-switch 12 has been used. Diarylethene and particularly dithienylcyclopentene molecular switches are a distinct class of photochromic compounds that can undergo a reversible ring-closure reaction upon irradiation with respectively UV-and visible-light. This is accompanied by a pronounced change of the electronic properties and conformational flexibility: in the open form (6.3o) the two thienyl moieties are not conjugated and can rotate around the bond connecting them with the cyclopentene ring, whereas in the ring-closed form (6.3c) the conjugation extends throughout the molecule and the rotational freedom is lost (Scheme 6.2). Recently, this change in conjugation has been used to control the electron transfer between donor-acceptor pairs covalently attached to a diarylethene. 13 Furthermore, these compounds combine excellent switching properties and are fatigue resistant, and finally both forms are thermally stable.
Hydrogen bonding 14 motives are, because of their high selectivity and directionality (see also Chapter 1) especially suited for the design of novel molecular building blocks which will self-assemble into supramolecular assemblies with a well-defined structure. In our group the one-dimensional hydrogen bonding properties of urea moieties have been exploited for the design of supramolecular building blocks, which in solution self-assemble into elongated fibres and on solid substrates form one-dimensional arrays. 15
Scheme 6.3 Hydrogen bonding patterns formed by amides: (a) linear arrays and (b) dimers. 16c
Amide-amide interactions are also frequently used in order to obtain supramolecular structures. Amides are also well-known low molecular weight organogelators. 16 Amides form one-dimensional patterns as well as eight-membered ring hydrogen bonded dimers, and they form linear arrays of hydrogen bonded molecules in the solid state (Scheme 6.3). When hydrogen bonding groups like amides or ureas are attached to the switch, it is expected that the geometrical transformation of the switch from a flexible to a more rigid scaffold will result in a change of the self-assembly properties in solution. Therefore also changes in the macroscopic properties of the system can be expected. This conformational concept has already been demonstrated for bisureas (Scheme 6.4). The hydrogen bonded structures are less regular in case of a flexible spacer (linear alkyl chain), whereas the aggregates are forced along one direction when the spacer is more rigid as exemplified by a cyclohexane or benzene ring. 17, 18 Here the amide-bond was chosen as hydrogen bonding group because of its easy accessibility. The synthesis of a diamide should be readily achievable starting from the diacid dithienylcyclopentene switch 3.35 that was already discussed in Chapter 3.
Synthesis
In order to promote the formation of supramolecular assemblies in solution by hydrogen bonding, the dithienylcyclopentene-switch had to be extended with two amides as hydrogen bonding groups (Scheme 6.5). Two amide derivatives were synthesized, one with a dodecyl chain and one with a more sterically demanding t-butyl chain. The 1,2-bis(5'-[(alkylamino)carbonyl]-2'-methyl-thien-3'-yl)cyclopentenes (6.1 and 6.2) were synthesized in one step starting from 3.35. An initial attempt was to synthesize the amide starting from an acid chloride. However, to make the acid chloride of 3.35 harsh conditions were required, i.e. excess thionyl chloride, which resulted in a low yield. Furthermore the acid chloride was not very stable, and had to be prepared fresh every time. In order to avoid this, it was decided to use a coupling method well known in peptide chemistry. 19 This reaction proceeds in one pot under mild conditions, starting from 3.35. The carboxylic acid was first deprotonated by Nmethylmorpholine (NMM) and subsequently activated by 2-chloro-4,6-dimethoxytriazine (6.5), followed by a reaction of the activated ester with the corresponding amine. Compounds 6.1 and 6.2 were obtained in 53% and 48% yield, respectively, after column chromatography. The compounds were identified as the desired amide-derivatives according to 1 H-and 13 C NMR, mass and IR spectroscopy. These compounds turned out to be very good switches, as will be discussed in the following paragraph. Also an attempt was undertaken to synthesize a bisurea switch (Scheme 6.7). Ureas can most easily be prepared by an addition of an amine to an isocyanate (Scheme 6.6a). The direct coupling of an urea group to a dithienylcyclopentene switch thus requires a thienylamine or a thienyl isocyanate. Because thienylamines are known to be very unstable, some attempts were undertaken to prepare an isocyanate-substituted dithienylcyclopentene switch. Isocyanates can be easily synthesized from a carboxylic acid. In this approach the acid is first converted in an acylazide derivative, which can then undergo a Curtius rearrangement at elevated temperatures to form an isocyanate (scheme 6.6b). 20
Scheme 6.6 Synthesis of an urea (a) and synthesis of an isocyanate via the Curtiusrearrangement (b).
The diacid 3.35 was allowed to react conform a literature procedure for the formation of 5-methyl-2-thiophenecarbonyl azide. 21 Compound 3.35 was converted to the more reactive mixed anhydride by a reaction with butyl chloroformate, and the mixed anhydride was then converted to the acyl azide by reaction with aqueous NaN 3 . The product was extracted from the aqueous reaction mixture into dichloromethane, and this solution was subsequently heated for several hours to form the isocyanate. However, quenching of the reaction mixture with an amine did not result in the formation of the corresponding bis-urea. It is not clear what kind of products have formed instead. The NMR looks rather messy. Acyl azides can also be prepared by reaction of a carboxylic acid with diphosphorylazide (Scheme 6.6b), 22 but also application of this method to diacid 3.35 did not result in the formation of the corresponding bis-urea after quenching of the isocyanate with excess amine (Scheme 6.7). Probably the diisocyanate of 3.35 is too unstable. The best way to proceed is to introduce a spacer between the thiophene of the switch and the isocyanate. Fortunately the synthesis of the amide derivatives goes without any problems. The gelation behavior 17b of both 6.1o and 6.2o was tested via the testtube-tilting method in various solvents of different polarity (Table 6 .1). The compounds are sparingly soluble at room temperature in most of the solvents investigated, but upon heating they gradually dissolve. Upon cooling to room temperature, a viscous solution (vs), a precipitate (p) or a clear solution (s) was observed, depending on the solvent used. It was found that 6.1o did not form gels with any of the solvents investigated, but with apolar solvents, like cyclohexane, dodecane, and benzene, clear viscous solutions were formed at concentrations well above 5 mM, indicating that aggregation of 6.1o occurs. 23 The formation of viscous solutions instead of gels has been reported before by Hanabusa et al. for cis-1,3,5-cyclohexanetricarboxamides with long alkyl chains in non-polar solvents. 24 When the dodecyl chain is replaced by the more sterically demanding t-butyl group, as in 6.2o, dissolution does not result in any visible form of aggregation. Several features of 1 H NMR spectra can be used in order to elucidate structural aspects of hydrogen bonding aggregates. In case of amide self-assembly structures much information can be obtained from the NH proton. The peak width is an important indicator. This peak is broad in case of hydrogen bonding aggregates and is normally sharp and split if the molecule is not associated. The hydrogen bonded NH protons resonate in this case in the region between 6 -5 ppm and the location is consistent with the order of the aggregate in solution. If the assembly is deaggregating the NH protons will shift upfield. Variable temperature NMR can reveal dynamic processes that are fast (or slow) on the NMR time scale at room temperature. At higher temperatures the hydrogen bonds are broken and as a consequence deaggregation occurs, leading to an upfield shift of the NH proton.
The 1 H NMR spectra of 6.1o in C 6 D 6 show a gradual downfield shift of the δ value of the NH absorption and an increase of the line width with increasing concentration, indicating that 6.1o forms highly dynamic aggregates through hydrogen bonding between the amide groups at higher concentrations ( Figure 6.1 ). 25 In contrast the 1 H NMR spectra of 6.2o in C 6 D 6 show only minor shifts (< 0.05 ppm) upon increasing the concentration from 2 to 22 mM, indicating that the sterically more demanding t-butyl groups effectively prevent aggregation of 6.2o by intermolecular hydrogen bonding ( Figure 6 .1). 26 This concentration dependence of the chemical shifts of the NH protons could not be described by a dimerization model, 27 indicating that higher order aggregates are formed. Previous studies on the self-association of mono-28 and bis-ureas 29 also have indicated the formation of higher-order aggregates, and in these cases it was found that the association of these compounds could be adequately described by a model that includes both the formation of dimers and higher-order aggregates. 30 Self-association of 6.1 : S + S S 2 S + S n-1 A n K 2 K n With K 2 = K 3 = K 4 = = K n Scheme 6.9 Cooperative model for a self-associating system (S).
The chemical shifts of the NH protons were analyzed by this model, 30 assuming that all but the first association constant K 2 are the same. The concentration dependence can then be described with Equation (1) 30, 31 A plot can be made of 'Y' against 'X' in order to determine the corresponding K's ( Figure 6 .2).
Indeed, the concentration dependence of the chemical shift for 6.1o in benzene ( Figure 6 .1) could well be described by this model, and it was found that the dimerization constant K 2 = 81 M -1 , and the association constant for the formation of higher order aggregates K n = 787 M -1 (Figure 6.2) . These values could be obtained from Figure 6 .2, K 2 could be derived from the intercept and K n from the slope of the graph (R = 0.99). Apparently, the formation of higher order aggregates by bisamide 6.1o is highly favored over the formation of dimers in apolar solvents like benzene, and the self-assembly of 6.1o is a highly cooperative process. Viscosity is the main property of a fluid that characterizes its flow behavior. 32 Liquid flow can occur under the action of gravity or another externally applied force, and the viscous behavior is caused by the internal friction between molecules of a fluid. When a part of the fluid is caused to move, neighboring parts tend to move along. This resistance to the development of velocity differences within a fluid is the essential feature of viscosity. Viscosity can be measured with capillary, rotational or falling body types of viscometers. In this case a rotational cone and plate viscometer is chosen, due to the fact that only small amounts of material are required in order to carry out a measurement (Scheme 6.10). The feature of this type of instrument is that, provided the angle between the cone and plate is very small, the rate of shear is essentially uniform throughout the sample. When the cone rotates at a certain speed (V), the velocity gradient is the same throughout the whole sample, so it is defined as dV x /dy (shear rate). Some friction of the fluid has to be overcome to be able to maintain that same speed. The spring therefore is subjected to a certain torque (τ), also called shear stress. Shear rate (dV x /dy) times viscosity (η) equals the shear stress (τ). The unit of viscosity is Pa.s, but also the old unit poise is frequently used (1 Pa.s = 10 poise). Viscosity measurements 32 were performed with a 14.6 mM solution of 6.1o in benzene at different shear rates. As is clear from the data shown in Figure 6 .3, the viscosity decreases with increasing shear rate, indicating that solutions of 6.1o behave as a non-Newtonian liquid. The molecular interpretation of this phenomenon is not yet clear, and probably the aggregates are oriented in the flow direction and hence slide more freely past each other. Similar shearthinning effects have been observed by Meijer et al. in helical self-assembled polymers consisting of small hydrogen bonding subunits. 23 It should be noted that a 21.8 mM solution of 6.2o does not cause a significant increase of the viscosity of the solvent, within the detection limit of the instrument used. 33 The photochromic behaviour of benzene solutions of 6.1 was studied by UV-Vis spectroscopy and 1 H NMR. Irradiation at λ = 313 nm of a dilute solution of 6.1o in benzene (0.29 mM), i.e. at a concentration that 6.1o is mainly present as monomer, resulted in the formation of a new absorption band at 514 nm due to the formation of the conjugated closed form 6.1c (Figure 6.4) . From 1 H NMR data it was deduced that the photostationary state consists of a mixture of 6.1o and 6.1c and that the mole fraction 6.1c is 0.7 (determined from the integration of the CH 3 -signals of 6.1o and 6.1c at respectively 1.76 and 2.16 ppm). Irradiation at λ > 520 nm causes a complete conversion to the initial state consisting of pure 6.1o, and this switching process between 6.1o and 6.1c could be repeated several times without any measurable degradation. Dilute solutions of 6.2o exhibit similar photochromic behavior, and a maximum also appeared at 514 nm after irradiation at 313 nm. It is interesting to note that switching between 6.1o and 6.1c is not prohibited by formation of intramolecular hydrogen bonds (Scheme 6.11) as has previously been reported for carboxylic acid derivatives of diarylethene switches, 34 although it cannot be excluded that such an intramolecular hydrogen bond between the two amide groups is present. Also irradiation of a concentrated viscous solution of 6.1o in benzene (11.7 mM) leads to the appearance of an absorption band at longer wavelength, characteristic for the formation of the closed form ( Figure 6.4) . The absorption maximum of 6.1c shows a small red shift to 524 nm and is slightly broadened compared to the measurements at low concentrations, indicative of a weak exciton coupling between the chromophores in the aggregates. The switching process is also fully reversible in these concentrated solutions and can be repeated several times, although at very long irradiation times (> 20h) some decomposition (< 5%) takes place. 35 The viscous solution needs, however, considerably longer irradiation times (6 h) to reach the photo-stationary state compared to monomeric solutions of 6.1o ( < 0.5 h). Quantitative analysis of the kinetics is not yet possible in our experimental set-up due to inner filter effects and an inhomogeneous optical field. Most remarkably, even at relatively low conversions of 6.1o to 6.1c (mole fraction 6.1c = 0.2) there is a clear decrease of the viscosity compared to benzene solutions of pure 6.1o, demonstrating that the viscosity of solutions of 6.1 can be controlled by light ( Figure 6 .5). 36 The viscosity measurements did not reveal a significant change of the viscosity due to photoswitching of 6.2o.
In order to determine whether this photo-induced viscosity change is due to a change of the aggregate properties such as stiffness or to a change of the extent of aggregation of 6.1, the photoconversion of viscous benzene solutions of 6.1o (7.32 mM in C 6 D 6 ) was followed by 1 H NMR (Figure 6.6 ). Irradiation of a solution of 6.1o at 313 nm caused the appearance of a second set of NH and CH 3 signals, which are assigned to the closed form 6.1c. After 50 min irradiation the NH-signal of 6.1c appears as a shoulder upfield from the NH-signal of 6.1o (mole fraction 6.1c = 0.13). After longer irradiation times both the NH-signals of 6.1o and 6.1c are shifted upfield compared to the NH-signal of pure 6.1o (5.53 ppm) and after 6h they appear at the same position at 5.39 ppm. Although these results do not rule out mesoscopic changes of the aggregates due to irradiation, they clearly indicate that photoconversion of 6.1o to 6.1c causes a decrease of the extent of aggregation. This is visualized in a cartoon (Scheme 6.12). After 6h irradiation a photostationary state was reached with the ratio 6.1o /6.1c = 0.5, which is comparable to the photostationary state of monomeric 6.1. Irradiation at λ > 520 nm causes a complete conversion to 6.1o with the NH-signal again appearing at 5.53 ppm. Apparently, both the photoswitching and the aggregation of 6.1 are completely reversible. Scheme 6.12 A cartoon that shows the extent of self-assembly of the system, which can be controlled by photochemical switching.
For comparison, similar experiments were carried out with C 6 D 6 solutions of 6.2o (Figure 6.7) . Irradiation of 22 mM solutions of 6.2o also resulted in two NH signals at 5.37 ppm and 5.44 ppm, which can be assigned to 6.2o and 6.2c respectively, but for this compound the NH signals did not shift with increasing conversion of 6.2o to 6.2c. Also the viscosity measurements did not reveal significant changes of the viscosity due to photoswitching of 6.2. Figure 6 .7 1 H NMR irradiation experiment with 6.2 in benzene-d 6 .
In conclusion, the bis-amide photochromic switch 6.1 undergoes self-assembly in apolar solvents through a cooperative association mechanism, and forms extended aggregates, resulting in highly viscous solutions. Most remarkably, the reversible photoswitching of 6.1 from the open form to the closed form causes a change of the extent of aggregation, which is accompanied by a decrease of the viscosity. These changes can be attributed to different molecular properties like shape and conformational freedom of the open and closed form of diarylethene switch 6.1, and it is expected that this feature of diarylethene switches can be employed to control other macroscopic properties like gel formation by light as well.
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Experimental section
Viscosity measurements were performed on a Brabender Rheotron, with a cone/plate geometry (cone angle 3°), and 1 H NMR experiments were performed on a Varian VXR-300 spectrometer, using 0.15-22 mM benzene solutions of 1 or 2. All measurements have been carried out at room temperature. The samples were irradiated in a 1mm quartz cuvet for UV-Vis measurements and in 5 mm pyrex tubes for NMR experiments, using a 200W mercury lamp with a 313 nm band-pass or a 520 nm high-pass filter. Exact masses or elemental analyses of these compounds could not be obtained.
1,2-Bis(5'[(dodecylamino)carbonyl]-2'
-methyl-thien-3'-yl)cyclopentene (6.1): Compound 3.35 (200 mg, 0.6 mmol) was suspended in CH 2 Cl 2 (5 ml) and placed in an ice bath. Subsequently N-methylmorpholine (0.13 ml, 1.2 mmol) was added and suspension became a solution. Then 2-chloro-4,6-dimethoxytriazine (0,20 g, 1.2 mmol) was added, and a white
